Medical Sciences. In the article ''Core binding factor ␤-smooth muscle myosin heavy chain chimeric protein involved in acute myeloid leukemia forms unusual nuclear rod-like structures in transformed NIH 3T3 cells'' by Cisca Wijmenga, Paula E. Gregory, Amitav Hajra, Evelin Schröck, Thomas Ried, Roland Eils, P. Paul Liu, and Francis S. Collins, which appeared in number 4, February 20, 1996 , of Proc. Natl. Acad. Sci. USA (93, (1630) (1631) (1632) (1633) (1634) (1635) , the authors request that the following be noted. ''The basic conclusion of this paper, that the CBF␤-SMMHC chimeric protein forms nuclear rod-like structures in NIH 3T3 cells in which the protein is overexpressed, appears correct. However, the data shown in Figs. 3, 5, and 6, involving deletions of the chimeric protein, should be disregarded.'' Vmax is the maximum actin-activated ATPase activity of HMM and Ka is the apparent binding constant for HMM to actin, which is defined to be the reciprocal of the apparent Km from the double reciprocal plots (Fig. 4) . To phosphorylate the regulatory light chain of HMM, myosin light chain kinase, calmodulin, and Ca 2ϩ were added to the ATPase assay medium. -, Not measured.
Proc. Natl. Acad It is now generally believed that the changing relationship between actin and myosin during the course of myosincatalyzed ATP hydrolysis underlies the overall contractile process, and so we are attempting to identify the residues in myosin that interact with the residues in actin. These interactions appear to be primarily ionic or hydrophobic. If the former are defined as ionic strength-dependent, then it appears that in the absence of nucleotide (the so-called "rigor" condition), the forces that stabilize the actomyosin complex are overwhelmingly hydrophobic (1) , whereas in the presence of nucleotide the forces seem to be ionic (2) . How this interplay of forces enters into the contractile process has been ably discussed by Zhao and Kawai (3) and by Geeves and Conibear (4) . At the protein level, identification of residues participating in ionic interactions has been easier because of the availability of bifunctional amino-carboxyl group crosslinkers (5, 6) . Identification of "hydrophobic" sites has been circumstantial. For example, it has been observed that a nonpolar triplet of myosin residues (residues 541-543 in the skeletal myosin sequence) was adjacent to Cys540, which was thought to move upon ATP binding (7) , and might for this reason be a participant in the hydrophobic interaction (8) . More solid progress began with the availability of crystallographic structures (9, 10), which suggested that in complexation certain nonpolar residues in one protein might come to lie near nonpolar residues in the other (11) . Such inspection indicated to Rayment et al. (11) that residues 541-543, 535, 529, and 530 might be "hydrophobic" sites of myosin (Fig. 1) . To test the significance of these sites by independent means, we examined the complexation behavior of myosins whose presumably critical sites have been mutated. For this purpose, we have employed an expression system recently devised by Trybus (12) and also by Onishi et al. (13) . This system expresses a competent (14, 15) heavy meromyosin (HMM) fragment of myosin. The myosin fragment expressed is that from chicken smooth muscle (gizzard) myosin, whose sequence is slightly different from chicken
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skeletal myosin (for which crystallography has been done), but the functional homologies between them are clear (16 (20) .
Expression of Mutant HMM. A transfer vector (pAcC/ GHMW546SF547H) containing the full-length coding region of the mutant HMM heavy chain was prepared (13) with slight modification. Briefly, the GMH-6 cDNA clone, containing the 5'-terminal half of the HMM heavy chain coding region (17), was mutagenized with an oligonucleotide (5'-GCTGGATG-AAGAGTGCTCGCACCCCAAAGCTACTGACAC-3'; the underlined bases indicate the mutations imposed) to replace Trp546 with Ser and Phes47 with His. The mutagenized GMH-6 was digested with Nco I and EcoRI to obtain a 2.2-kb fragment. To obtain the vector containing the full-length coding region, the 2.2-kb fragment was then ligated into the Nco I/EcoRI site of pAcC4 containing the 3'-terminal half of the HMM heavy chain coding region. Spodoptera frugiperda cells (Sf9) were transfected with a mixture of linearized wild-type Autographa Californica nuclear polyhedrosis virus DNA and the transfer vector pAcC/GHMW546SF547H by the technique of cationic liposome-mediated transfection (Invitrogen). Recombinant viruses were obtained as described by Summers and Smith (21) . Expression and purification of wild-type and mutant (Trp546Ser and PheS47His) HMMs were carried out as described by Onishi et al. (13) .
Gel Electrophoresis, Immunoblots, and Autoradiography.
SDS/PAGE was carried out as described by Laemmli (22 (Fig. 2A) or remained in the supernatant after centrifugation of the actin-HMM complex in the absence ofATP (Fig. 2B) . Analysis of the purified mutant protein by SDS/PAGE (Fig. 2C) revealed the presence of the three expected peptides, the 140-kDa HMM heavy chain, the 17-kDa essential light chain, and the 20-kDa regulatory light chain. Both the wild-type and the mutant HMM heavy chains had stoichiometric amounts of the regulatory and the essential light chains (Fig. 2C) . The presence of the two types of light chains in the mutant HMM was also confirmed by immunoblot analysis with polyclonal antibodies against each of them ( Fig. 2 D and E 15 ,000 x g (A), the material that did not coprecipitate with filamentous actin after centrifugation of the actin-HMM complex at 100,000 x g (B), and pooled HMM-containing fractions after Mono Q column chromatography (C). Due fore tested whether the mutant HMM light chain can be phosphorylated. Fig. 3 A and B , respectively, shows autoradiograms of SDS/polyacrylamide gels of purified wild-type and mutant HMMs that were either untreated or treated with myosin light chain kinase, calmodulin, and Ca2+. In both wild-type and mutant HMMs, kinase addition converted the regulatory light chain (LC2o) to the phosphorylated form.
Enzymatic Properties. ATPase activities of unphosphorylated wild-type and unphosphorylated mutant HMMs were measured i"n a solution of 0.4 M KCl, 5 mM MgCl2, and 20 mM Tris HCl (pH 7.5). In such a high salt medium, the conformation of smooth muscle HMM is in the 7.5S state and independent of both ATP and light chain phosphorylation (25, 26). The activity of unphosphorylated mutant HMM (4.4 nmol of Pi per min per mg of HMM) was similar to that of unphosphorylated wild-type HMM (3.7 nmol of Pi per min per mg of HMM) ( Table 1 ). This result suggests that the mutation scarcely affects the intrinsic ATPase activity of HMM., In a low salt medium (40 mM KCl/2 mM MgCl2/20 mM Tris-HCl, pH 7.5), the ATPase activity of phosphorylated wild-type HMM (3.2 nmol of P1 per min per mg of HMM) was -2-fold higher than that of unphosphorylated wild-type HMM (1.3 nmol of P1 per min per mg of HMM) ( Table 1 ). This level of increase in activity is comparable to that obtained with HMM prepared from chicken gizzard myosin by proteolytic digestion (27) . Previous studies indicated that the 2-fold Vm. is the maximum actin-activated ATPase activity of HMM and Ka is the apparent binding constant for HMM to actin, which is defined to be the reciprocal of the apparent Km from the double reciprocal plots (Fig. 4) . To Table 1 ) was subtracted from each measured value to estimate actin-activated ATPase activity. increase in activity is associated with a conformational transition of HMM from the 9S to the 7.5S state, because the 7.5S state has higher specific ATPase activity and also because it is the preferred form of phosphorylated HMM (25, 26). Although the activities of the phosphorylated (5.8 nmol of Pi per min per mg of HMM) and unphosphorylated (2.7 nmol of P1 per min per mg of HMM) mutant HMMs were slightly higher than those of the wild type, a 2-fold increase in activity after light chain phosphorylation was also observed with this mutant (Table 1 ). The result suggests that mutant HMM can change its conformation similarly to wild-type HMM.
Since the two residues we mutagenized are in a putative actin-associating segment of the HMM heavy chain, the mutations may have effects on the actin-activated ATPase activity. To test whether this is indeed the case, we measured the dependence of ATPase activity on actin concentration for both the wild-type and the mutant HMMs. The double reciprocal plots of these data gave straight lines, but their intercepts with they axis and slopes were very different (Fig. 4) Actin Filaments Decorated with the Mutant HMM. As shown in Fig. SA , wild-type HMM formed an arrowhead structure along actin filaments, when the HMM was mixed with actin in a molar ratio of 1:1 in the absence of ATP. Actin filaments decorated with the mutant HMM appeared thicker than undecorated actin filaments and the decorated filaments also tended to associate side-by-side (Fig. SB) . These results clearly indicate that the mutant HMM interacts in some way with actin filaments. However, the mutant HMM-decorated actin filaments did not show a typical arrowhead structure (Fig.  5B) . Several explanations are possible. For example, decoration of actin filaments with the mutant heads may not be complete. It is also possible that the bound heads of the mutant protein make diverse angles with the axis of actin filaments. Another possibility is that the weaker mutant HMM binding to actin is insufficient to withstand the negative staining procedure. Any combination of these possibilities is also plausible. Although we are unable to say for sure which interpretation is correct, our result indicates that the mutations affect the interaction between actin and HMM.
DISCUSSION
In mutating proteins one must consider that tertiary structure may be severely altered by the imposed mutations. In the present study, only amino acid residues known to be at the HMM surface were mutated by site-directed mutagenesis. Therefore, it is likely that mutant HMM has the same tertiary structure as the wild-type HMM. There are three additional pieces of evidence that wild-type structure is preserved in our purified mutant HMM. (i) In our purification protocol, the protein was precipitated with rabbit skeletal muscle actin, thus allowing only functional HMM to be purified. (ii) Analysis by SDS/PAGE revealed that each mutant HMM heavy chain has stoichiometric amounts of two types of light chains (Fig. 2) , suggesting that in solution these polypeptide chains form a 1:1:1 complex. (iii) The mutant HMM had an intrinsic ATPase activity that was similar to the level obtained for the wild-type HMM (Table 1) .
In spite of having an intrinsic activity similar to that of wild-type HMM, phosphorylated mutant HMM showed a dramatically different actin-activated ATPase activity from the wild-type counterpart. The mutations resulted in a 10-fold decrease in Vm. and a 4-fold decrease in Ka for actin (Fig. 4 and Table 1 ). Since the regulatory light chain of the mutant HMM was phosphorylated by myosin light chain kinase (Fig.  3) (Fig. 4 and Table 1 ). These results suggest that intact Trp546 or/and Phe547 residues are required for a large increase in the actin-activated ATPase activity of myosin. The yield of purified mutant HMM was insufficient for conventionally measuring its affinity to actin. Instead, we tested whether the mutant HMM forms arrowhead structure with actin filaments. Some sort of binding of mutant HMM to actin filaments was suggested by electron microscopy but the mutant HMM-decorated filaments did not show the typical arrowhead structure observed with wild-type HMM (13) . These results suggest that HMM binds to actin filaments weakly and/or abnormally; for example, it could be that the smooth muscle homologs of the other sites (residues 529, 530, and 535; see Fig. 1 ) continue to function normally but that impairment of the homologs at residues 541 and 542 weakens the interaction and destroys its stereospecificity. A simple interpretation for all of these observations is that actin activation of the phosphorylated mutant HMM decreases, because the actin-binding affinity decreases, and that this is caused by the disabled (or weakened) hydrophobic interactions. Our results demonstrate the importance of hydrophobic triplet for the normal interaction between actin and HMM. Another interesting implication of this work is that the rate-limiting step in actin-activated myosin ATPase seems to depend on the integrity of the hydrophobic interaction between the two proteins.
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